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1. Introduction

The research project "Rock Mass Persistence" funded by ARO under Grant

No. DAAG-29-83-K-0016 started December 1, 1982 and ended November 30, 1985.

E; Its objectives were to first develop analytical models which can describe
Nw .
] joint geometries as they occur 1n real rock masses. The analytical
3: descriptions have to be derivable from data as obtained in usual field
-~ exploration. These geometric models were then to be used to develop methods

for describing flow through jointed rock masses and for describing the
fracturing, i.e., the strength and deformability of jointed rock masses.

The objectives were achieved. Basic knowledge on jointed rock mass

i‘ description and behavior was expanded. Practically applicable methods were
developed. The basis for future fundamental and applied research was

created.

!. In addition to the originally defined research objectives significant

additional work was performed. This consisted of the £final development of a
8 coupled flow deformation analysis method based on the distinct element _;l
- procedure ané particularly of its use in parametric studies.

This final technical report presents the research results in three S

" volunes: ’ S

al -
Vol. I Rock Joint Systems

- Vol. II Coupled Flow - Deformation Analysis

. vol. III Fracture Propagation in Jointed Mediea
Each volume was developed from a Ph.D. thesis. Given their extent

the most important results are summarized in this Executive Summary. Each of

a's .

the following Chapters 2 to 4 is therefore devoted to a summary cf

- R . - . . . ». - . - - . ‘».. .‘-.'.'.\"“_."‘- ",'-"*R'.'. .--'..-"'..‘.v-_‘.‘._..>‘_-_ ...-~ .,\ \'.. _'..“.' .
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Volumes I to III respectively. This is followed by general conclusions and

recommendations for further research, a listing of personnel who have been
working on the project and acknowledgements. A listing of papers which have

been or will be produced pased on this research will conclude the Executive

Summary.

t

e
. .

« .

;
-
R
5
)

9
4

a'as’s



m

2. Rock Joint Systems

h
C e

2.1 Background

Wl

Geometric and mechanical characterization of rock joints is the basis for

&: most of the work of engineering geologists, and civil and mining engineers
v
when dealing with rock masses. Also, such a characterization plays an
"~
N . . . . . .. . .
. important role in investigations on joint genesis. Joints are usually
- characterized by the parameters listed in Table 2.1; in addition joint
. termination and autocorrelation have been considered in this research.
However, given their pervasive and three-dimensional nature on the one hand
and their limited exposure in outcrops, borings and tunnels on the other hand
. makes complete descriptions of joints difficult. Such an ideal
. characterization would involve the specific description of each joint in the
o rock mass, exactly defining for instance its location, shape, size, planarity,
l. aperture and shearing resistance. This 1is not possible for a number of
reasons: 1) the visible parts of joints are limited (for instance to joint
.
}- traces only), thus preventing a complete description; 2) joints at a
distance from the exposed rock surfaces cannot be directly observed; 3) direct
i (visual or contact measurements) and indirect (geophysical) observations have
o linited accuracies.
» .
-
For these reasons joints in a rock mass are usually described as an
r. assemblage rather than as individual features. The assemblage has stochastic
i’
- character in that joint characteristics vary in space. Such variations may be
K minute as in the case of the orientation of a set of approximately parallel

Joints or they may be large 1f & particular property has substantial

variability. It 1is important to note that spatial variability can but does

. \.....
) o g
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Table 2.1 =--

Joint Parameters

“a”

Parameter

Descraptionn

Attitude (orientation)

A S

Location

Spacing

Size

Persistence

Aperture

Planarity

Roughness

waviness

Shape

Strike and Dip, or Dip Direction and Dip or Pole
Orientation with spherical coordinates.

Coordinates of points on 1j0int planes (usually
spacing and location is measured).

Distance between intersection points produced by
intersecting a line perpendicular to the joint
mean attitude and the Joints of a set. A set of
joints consists of joints that are parallel or
subparrallel to each other.

Extent of jointing generally expressed as length
of traces on two-dimensional outcrops or as the
area of jointed segments 1n a joint plane

(see also persistence),

The proportion of actual jointed parts a.
joint plane &,

A A
Lu/  a /‘7/
L ai/A. \A

"Persistence” =

Width of open Joint measured perpendicularly to
Joint walls {(only 7tcints filled with air or water
are considered open, while joints containing
£iller betweern the wall rock are considered
closed,

Material weathered from wall rock, material
secdimented 1n Joint, material precipitated in
joint.

Three dimensional shape of Joint surface;
generally either planar, or with regular or
irregular deviations from a plane.

Deviation from the 1deal planar surface on <the
rnicroscale usually with wavelenath < 1 cn.

Deviation £rom the 1deal pianar surface on ine
macroscale usually with wavelenctihs > 1 Cm.

nt boundgaries, generally either

Shape of 1oz
elliptical, polvaona. Or irrequliar.

circular,

AR R . CeN -
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not nave to imply random underlying mechanisms; spatial variability may just
as well be the result of a number of simultanecus or sequential put very
specific mechanisms.

Two major approaches nave emerged to describe the assemblage of joint
characteristics 1n a rock mass: the traditional disaggregate characterization
and the more recent aggregate characterization. In the former, each joint
characteristic 1is described separately, for instance through orientation
distributions (pole diagrams), spacing distributions and others. 1In the
latter the interdependence of joint characteristics 1is captured through the
formulation of joint system models. A particular joint system model
represents a typical geometry. The individual characteristics are still
stochastic but their interdependence 1is svecified; for instance, in an
orthogonal model the mean orientations of three joint sets are at right angles
to each other, but some variability of orientation about these means exists.

Table 2.2 summarizes the rock Jjoint system models. Each of the five
models consists of a particular combination of the rock joint system
characteristics in Table 2.1. Joint planarity is specified as planar for all
Joint system models, ané any Jcint location or autocorrelatlion process 1is
permissible within anv model. Any component specified as stochastic may also
be determinis<tic.

The orthogonal model was developed by Irmay” (1955), Childs (1957} and
Snow {(19€5). They applied the model as diéd Schwartz et al. (1980) two nydro-
logic problems. TFTigure 2.1 shows a regular orthogonal joint system model.

The Baecher model (Baecher et al., 1978) represents joints as circular or

Literature references are listed in Appencdix I. Note, however, that only a
very limitec number of references are used in this Executive Summarv. Conplete
literature references are given in Volumes I to III.
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Table 2.2

JOINT SYSTEM MODELS

JOINT JOINT TERMINATION CO- ORIENTATION
MODEL NAME SHAPE S1ZE AT INTERSECT. PLANARITY OF SETS
1. Orthogonal Rectangle Bounded no —-—— Parallel
Unbounded yes yes Parallel
Unbounded no yes Parallel
2. Baecher Circle Bounded no no Stochastic
Ellipse
3. Veneziano Polygon Bounded in Jjoint yes Stochastic

planes only

4. Dershowitz Polygon Bounded yes yes Stochastic
5. Mosaic Polygon Bounded ves ves Regular
Tesselation Stochastic

For all models, joints are planar, and any location or autocorrelation process
is possible. Joint locations are usually stochastic. Bounding of joints
implies that joints which are smaller than the region under consideration can

be represented. This means, with reference to the sketch in Table 1, that A is
the region anc¢ &; are bounded joints; if the joints were unbounded a&j would be >
h. Joint sizes are usually stochastic eitner specified directly or indirectly
through stochastic location or orientation.
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elliptical disks (Figqure 2.2). The joint radii can be regularly or
E stochastically distributed (lognormal or exponential distribution). Similarly,
- joint orientations can be regular (e.g. exactly parallel) or reoresented by any
i: orientation distribution (Fisher, bi-variate Fisher, Bingham, uniform, or
i; bivariate normal); also joint location can be regular or stochastic (usually by
;I' a Poisson process).
li; The Veneziano model (Veneziano 1979) describes joints as polygons. It is
!__ based on Poisson plane and Poisson line processes as shown in Figure 2.3.
‘ii Orientation distributions are as in the Baecher model.
i} The Dershowitz model is also based on Poisson plane and Poisson line
B process but such that joint plane intersections produce joints (Figure 2.4).
ii The Dershowitz, Baecher and Veneziano models have been developed in this and

previous MIT research.
- A variety of two-~dimensional and three-dimensional Mossaic Tesselation
I. models {Figs. 2.5 and 2.6) represent other possible Joint system models.

2.2 Joint System Modelling and Simplified Expressions

Joint System models can be expressed by numerical procedures which
:5 represent the two or three-dimensional deterministic (regular) and stochastic
h character of the particular model. The computer code JINX has been developed
ts for this purpose. It includes the Orthogonal, Baecher, Veneziano and Dershowitz
) models with the corresponding deterministic and stochastic characteristics in

B two and three dimensions. It is thus the first three~dimensional stochastic
ié joint geometry code. JINX consists of 6 basic components which can be linked

together in any combination as desired. Each of the components consists of one

:ﬂ or more programs for specific applications. The components are as follows:
'l ® Common Variable Storage: For reallocation of storage for different
models.
9
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a) 2-D Poisson
Line Process

—
b) Marking of
Polygonal Joints

open

closed

¢) 3-D Poisson
Plane Process

Ficure 2.3 GENERATION oF Veneziano (1979) JoinT lMoDEL
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a) 3-D Poisson
- Plane Process

! b) Poisson Line
Process Formed
- by Intersections

c) Marking of
Polygonal Joints

F1gure 2.4 GENERATION oF DErsHOWITZ JOINT lMoDEL S
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b) Stochastic Tesselation

FIGURE 2.5 Two DIMENSIONAL MOSAIC TESSELATION
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® Input and Control: Contrcls execution of simulatiorn, analysis, and

A 2
«®e®,

~ finite element preprocessor packages.
&,
® Simulation: Generation c¢f Baecher model, Veneziano model and Dershowitz
\'
> _
. model. The usual joint characteristics as listec in Table 1 serve as

N LA
°

1nput parameters.

Analysis: Calculation of joint 1intersections and sample statistics

(RQD, fracture frequency) for two and three dimensional networks, of

S5ny

*
N

joint network connectivity measures and definition of connected joint
units for two and three dimensional models. Calculation of block size
measures for two and three dimensional networks. Statistics and output
for Monte Carlc simulations.

@ Graphics: Graphical display of two cdimensiocnal rock joint networks and
projection of an individual 3-D Dershowitz model joint plane on the
horizontal (x-y) plane. Stereoplotting of generateé joint orientation
distriputions.

0 Finite element flow programs and preprocessors {(see Section 2.4,

The computer program package JINX is of great significance:

© Practically, it serves as a basis for hydraulic flow modelling (see
Section 2.4) in jointed media and for fracture propagation models
of jointed media.

® It is an essential research tool for the comparisons conducted ir. this
research (see below) and for future work on joint genesis.

Comparisons between a large number of joint maps aré photographs were made.

They showed that the dififerent joint svstem models are necessary to cover

»
Za e e

the variety of real joint geometries. While the jcint system models represent

LR
i

a wide range of real geometries they still do not cover all of them. Notably,

they do not cover dgeometries with non planar joints.
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The stochastlc representations 1nvolve simulation with a numper of
realizations of the particular model. 1t 1s often aesirable for engineerinc
purposes but alsc 1n many research applications to express 101nt geometry with
simpler measures rather than to use the computer simulation, EXTtensive work in
this direction was perfomead:

© A numper of so-called persistence measures were createc. Tney

involve expressing joint density as 1oint area per volume or by
nunber of joints per volume.

® Several so called connectivity measures were also developed. These

involve geometric expressions which are related to hydraulic
conductivity of the jointed medium or which directly express this
conductivity (see also Section 2.4).

® rFinally, several block size measures were created in which block shape

and size are expressed in a simplified manner.

“hese simplified measures have peen developed poth for two and three
dimensions. Wherever possible analvtlcal expressions were derived, Otherwise
the measures were numerically opbtained by performing a number of simulations

vith the complete mode.s.

2.3 Comparisons

Extenslve parametric studies were conducted to compare the different models.
£ numper of interesting results which were obtainecd, will be summarized here. By
TUunning simulations with the complete models anc sinultaneously deriving the
simplified measures one can asséss how represenative each of these measures 1is.

This makes 1t possible to select the more representative measures £0r engineerin

application, and further research. From these i1nvestigations one can conclude
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that the persistence measure P; (P3; in three dimension), which is the joint -

trace length per area (joint area per volume), the connectivity measures Cy

P

(which is the equivalent hydraulic conductivity) and Cg (equivalent joint

network length, see Fig. 2.7) provide the best simplified measures.

W

Another interesting result is the importance of joint connectivity. The
Baecher and Veneziano models with essentially independent joints and the
Dershowitz model with joint termination at joint intersections provide extremes
for such a comparison.

The models were compared in both two and three dimensions using analytical
techniques and computer simulations. Figure 2.8 illustrates the relationship )
between intersection intensity C; (number of joint intersections per unit I!
volume) and persistence measure P3, (area of joints per unit volume) for disk
(Baecher) and Polygon (Dershowitz) joint system models. Clearly, the
intersection intensity of the Dershowitz model is higher than that in the t-
Baecher model.

This difference can be seen in terms of engineering parameters in Figqure
2.9 which plots effective hydraulic conductivitv K against joint size for
two-dimensional models. Substantial flows occur at much lower levels of
intensity in the Dershowitz model than in the Baecher model. Figure 2.10 shows
a similar result for three~dimensional hvdrological modeling. In addition,
this figure shows that the behavior is significantlv different in two
and three dimensions.

This points out the importance of both the geometrv of the jcint svstem

model and the dimensionality of modelinc: The use of twe rather than -

m

three-dimensional models may have dramatic effects on predictions cf encineerinc

behavior.
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(4)
(B)

(<)
(D)

all joints form the "joint svstem"

TwO Oor more interconnected joints form

a "network"

joints with no intersections are "isolated
joints"

joint networks and isolated Joints are
"joint units"

Note: Cg_can be in anv direction. 1In this figure,

ngis in the x direction as shown.

FIGURE 2.7 EQUIVALENT JOINT NETWORK LeEnGTH Cay
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2.4 Hydrologic Applicatzions of Join®t Systen Models

By combining the joint geometry models whith a suitable model representing
flow in jointed media one can determine the hydraulic performance of such
media.

The flow of water through a system of joints is determined when the head

along each individual joint 1s known and such that:

a) Laplace's eguation 1s satisfied within each joint.

b) There are no jumps in total head along the intersections of two or more
jeoints (i.e., where two or more jonts meet they have the same head).

c) Continuity is satisfied along the intersections of two or more joints
(i.e., the sum of the influxes into two or more intersecting joints is
zero along any segment of their line of intersection).

d) The conditions of no-flow through the free surface and zero piezometer
head (assuning the atmospheric pressure to be zero) at the free surface
are satisfied.

Such a distribution of heads throughout a system of joints can be found using a
Pinite Element approach.

A computer program for three-dimensional laminar flow through jointed rock
was developed. t uses Finite Element discretizations of joints such that the
Finite Element meshes of two or more intersecting joints share all nodes that lie

on the line of intersection. The unknowns 1in this formulation are the heads at

the nodes. The head at any point inside an element is obtained by interpolation _;;g
from the heads at the nodes of the element. Laplace's eguation is satisfied
inside each element for any values of the head at the nodes, given an
appropriate selection of element type (e.g., four node guadrilateral elements).
The heads at the nodes are determined from the imposition of the reguirement of

continuity at the edges of the elements. If the problem involves a free
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surface, 1terations are necessary to determine the position of the free surface.
Revising tne Finite Element mesh 1n each 1teration, as 1s commonly done for the
solution of two-dimensional problems of free-surface flow through porous media,
is inconvenient because nere the elements are tied to the geometry of the
joints. A scheme that does not involve mesh revisions is therefore used. The
Pinite Element joint flow moael and the geometric Jjoint system models were
combined 1n the computer nrogram package JINX. This was then used to develop
some of the connectivity measures (Section 2.2 and 2.3) and to develop a number
of hydrological applications. These applications can be sumnarized as follows:
© Scale effect: Groundwater can flow in individual joints only as far
as the size of the joint. This results in a scale effect in which
hydraulic conductivity 1is proportional to the intergral of the joint
size distribution over all joints which are larger than twice the scale
of interest (Figure 2.11}. When the intersection of joints toe form joint
networks 1s considered, it 1is the size distribution of these netwcrks
(Cg) rather than the size of individual joints which controls flow at
any scale (Figure 2.7). Figures 2.9 and 2.10 showed effective hydraulic
conductivity for networks of disk (Baecher) ané polvgon (Dershowitz)
joint system models, For poth models, the effect of scale is

pronouncec: As the scale of the problem under consideration increases,

the effective hydraulic conductivity rapidly decreases.

The result shown in FTigure 2.9 and 2.10 has practical applications for
performance modeling of jointed rock. A m&jor oblection to

the use of flow models is the difficulty of measurement of effective
hydraulic apertures for Jjoints. The shape of the curve in Figure 2.9,

however, can be established from statistics of 1cint orientation, trace
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- length, and intensity, which can readily be optained from porenoles and
2

3 - . B -

,: mapping 1in outcrops and adits. The actual values on the ordinate

(effective nydraulic conductivity) can then pbe optalined by performing

LS |

nydrological tests at two or more scales and tnus normalizing the curve.

TaTal

This allows one to make projections about the effective hyaraulic

.

conductivity at much larger scales.

Anisotropy Effect: Just as the distripution of trace lengths of

iﬁl
i

individual joints controls the scale at which flow can occur in
individual joints, the distribution of 1o01nt orientation determines the
anisotropy of flow 1in individual Joints (Figure 2.%2a). Similarly, for
networks of interconnected joints, the anisotropy of Joint system

geometry determines the nydrological anisotreonv (Figure 2.12b).

Pigure 2.13 shows the first guadrant of permeability ellipses at scales
of 2.5, 0 and 20 times the mean 3oint length for the bershowitz joint
system model with individual joint orientations distributed accordinc to
a Pisher distribution with very low dispersion. As a result, at a small
scale, corresponding to the influence of individual Joints, the effective
hydraulic conductivity is highly anisotropic. At larger scales, however,
joint networks control flow ané the permeabllity ellipse indicates much

less anisotropy.

= This result has significant implications for the assessment of the
hydroiogical anisotropy of jointed rock. The hydrological anisotropy of
R Jolnt systems 1s scale dependent ancd depends strongly upon the formation

. -

¢f 10i1nt networks of interconnected Joints. In situ tests usel to

evaluate anisotropy can only be used to predict anisotropy at the scale
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- A) At scale of individual joints, anisotropy of flow

is directly related to anisotropy of joint orientations

\%/
B) At scale of joint networks, joint orientation
anisotropy may have less effect on flow anisotropyv

FiGURE 2.12 ScaLE EFFECTS on JOINT SYSTEM ANISOTROPY
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at which they were run. 1In order to extrapolate these results tc larger

scales, Joint system models must pe developed and evaluated as 1n Figure

2.13.

hperture Effects: Many researchers (e.g. Long et al., 1983, Snow,

1968) have noted that since effective hydraulic conductivity is
proportional to joint aperture cubed and the distribution of aperture is
generally assumed to be lognormal, aperture uncertainty and variability
tends to dominate all other effects in determining joint system

hydrological properties.

While this 1s correct for the case where all flow occurs in individual
joints, 1t 1s not necessarily so for flow through networks of
interconnectec joints. At large scales, where flow occurs in series
through 1nterconnected joints with 1ndevendent apertures, the
variability of aperture has much less influence on hydérological
properties than would be assumed pbased upon flow 1in single 3joints. This
result 1s illustrated by the distribution of effective nydraulic
conductivities for flow through 7Jo0int systems of n joints with &

lognormal aperture distribution (Figure 2.14).
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3. Coupled Flow-Deformation Analysis for Jointed Media

3.1 Backaround

In many engineering problems in jointed rock, deformation and, eventually,
instability (failure) involve 1interaction petweern cleft water pressure 1n the
joints and deformation of tne joints. Closure or opening of the joints
perpendicuarly to their surface influences water flow and pressure in the
joints. Similarly, increases and decreases of the water pressure in joints
affect Joint apertures. This interaction pecomes more complex if joints
displace alonc thelr surface (in shear); the usual associated asperity
interaction and dilatancy effects can affect joint aperture. Also, joint
fillers add to the complexity of the problem.

= method of analysis which can treat the interaction of joint deformation,
cleft water pressure, and flow is needed when designing structures in and on
rocks and also for gaining a more basic understanding of 3jointed rock mass
behavior £rom a geologic point of view. The method should also be useful when
interpreting monitoring instrumentation. For instance water pressure and
deformation in rock masses can pe measured. With an appropriate analysis method
inferences on the state of the rock mass, particularly in relation to
instability, can be drawn from the data. This will make it possible to integrate
monitoring into design which is reguired in the application of advanced
"opservational" or "adaptable" design methods; in such approaches the design 1s
optimally adapted to encountered conditions, eliminating unnecessary
conservatism.

2 variety of continuum and discontinuum methods exist for rock mass
deformation and failure, and flow. In an initial phase of the research :t was
decided, based on an extensive review of available approaches, that discontinuum

methods had tc be used for both the deformation ané the f£low analvsis.

AN
.t
D)

XN | 1%

(A
‘:‘q; l.I5 K]




bt i nhadis Siadh it lh il ARk _Snndl et et Sl Al A S A
AR Bt 2AncRan - St Site ke & aacAbe e Jte -2 Ra She Thie B Sl Lt - —— . 3 - P VR . Al .

"Lt

-
»

Corntinuur. approacnes are 1.. su.te” t¢ treatment cf larue re.ative Zlsgp.acerents

as tney occur 1rn loints, Lguivalent DOrous meldic apiroache: are ofter

unrepresentative wner. analyZling jointec mneZie as was ext.da:nec i1 Chanter . cf -
this Executive Summary. Consequently the SCG Ca.ied rigis L1ockr or &lSTlncet

element methoc (Cundall 19771, 1974) was choser. tC moae. aeformatiorn and 17 was v

decided to couple 1t with a discontinuous flow moael. S

3.2 Couvpled Flow Deformation Analvsis

3.2.17 Deformation Analysis ~

In the Rigid Block Method, the rock mass 1s assumed tc consist of separate -
blocks touching eacn otner at a discrete number of contacts where elastic,
frictional and viscous forces are applied. f}

Two types of 1initial, i1.e. before any displacement, block configurations
are possible in the computer code developed here, as shown in Fig. 3.1. Tne
cornfiguration 1in Fig. 3.12 simulates two fully persistent joint sets of q
arbitrary (but constant for each joint) orientations and spacings. The
configuration in Fig. 3.1b simulates two joint sets of arbitrary (but constant o
for each joint set) orientations andé spacings, one Joint set being fully
persistent and the other having a persistence of fifty percent. From these
pasic assemblles any shape of & real Jcinted rock mass, €.G., & Siope or the
rock mass around & tunnel can pe created. Larger or irrecularly shaped blocks
are alsoc possible, provided that theyv can be formed by combining elementary
blorks configured as shown in Fig. 2.1.

Ir the éistinct element method the blocks are consigerecd rigic, pbut the L

lclnts are considered deformable, i.e. all deformations are represented as

A}

cint defecrmations., This 1s & reasonable assumption for most rock mass

applications. Deformazions of the rock may occur by relative displacement of .I

tne rock flocks as shown 1n Fig. 3.2. Keactions (forces) at the ccocntacts are . -

30 -




v - e aaas 8 ah 4 o d e
AR i e s d et b A b MARATAC A ALRAL AN S LA ST A it et e aat Aot Ao sial et ek e Shstiint Serrinta bl ey "

i
~
~_
s

N

-

K SHAPED BLOCKS.

7 FIGURE 3,1 BLOCK CONFIGURATIONS THAT CAN BE MODELLED., BLOCKS jﬁ
N CAN BE COMBINED TO FORM LARGER AND IRREGULARLY N




kAR A A0t Ahie Al abe g wSia g i gre e S i A A RAIA RS A A B e At At e A0 AT 0 e h el A4 d A A e AR AR

- e
t

fi FIGURE 3.2 RELATIVE DISPLACEMENT OF ROCK BLOCKS

—

...........................................
...........



®

obtained from the penetration or separation at contacts throuah the application

of appropriate deformation laws. These can include time dependent behavior or
the interaction with fillers. Deformation analysis by dynamic relaxation
proceeds in time steps, evaluating at a series of successive instants the forces
acting on each block (its own weight, the reactions of neighboring blocks, and
water forces). These forces determine the acceleration of each block, which is
then integrated to find the displacement increment during the time step under
consideration. This procedure is essentially that of Cundall (1974) with the
modifications described in 3.3.2 and 3.3.3 below.
3.3.2 Flow Model

Flow is modeled as taking place within a network of conauits corresponding
to block sides (which can be thought as pipes) meeting at a number of 'nodesg’
correspending to block corners. In modeling flow the changes in the joint
apertures that are produced by the deformation model are taken into account.
However, except for changes in apertures, the flow algorithm assumes that the
geometryv does not change during deformation. This is eguivalent to assuming
that flow takes place in a network of conduits of varying cross-sections but of
constant lengths anc positions in space. Therefore, the geometry of this flow 'i1l
network depends on the initial position of the blocks, and subseqguent changes ? -3
affect only apertures. This apparent disparity between the flow anc the
deformation algorithr is justified by the fact that the flow variables (e.g.,
heads, pressures) are much more sensitive to aperture changes than to chanages

in the locations of nodes.

The solution of the flow probler is standard. Laminar flow 1is assumed;

flow in Jjointe with fillers described by LDarcy's law and for open icints by the
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(where gq = flow per unit width, a = aperture, g = acceleration of gravity,

v = kinematic viscosity, i1 = head loss per unit length). Flow in joints is
obtained from heads at the nodes and by satisfying continuity conditions at the
nodes. To make the problem determinate, heads of some nodes need to be given as
boundary conditions.

This procedure is complicated if a free surface is involved. In the model
solution procedure, an assumption is made as to which nodes are includec in the
flow region. Given the heads at some of them, it is possible to solve the set

f equations obtained by applying the condition of continuity at nodes where
head is unknown and thus to determine these unknown heads. Based on these heads
it is possible to check, and if necessary, update the assumption about which
nodes participate in the flow. After makino these corrections, heads at nodes
included in the flow are computed again. The same procedure is repeated until
the assumed position of the nodes relative to flow does not chanage.

While the flow probler is solved iterativelv in this manner, block
positions remain unchanged. Figure 2.3 shows how a joint's aperture used for
flow cormputations is related tc the joint deformation as described by the 3lock
Method. Clearly, raw defcrmation data f£rom the Rigiéd Block Method are
inappropriate for studying flow, since the Rigid Block Method accepts
overlapping of a joint's faces. Therefore, "rigid block" apertures, which can
be positive or negative, are converted to "real" apertures, which are always
positive and can be used in modelinc flow in Jjointeé rock.

3.2.3 Coupling
Coupling is handled through an iteration cf:

1. Obtain joint apertures fror deformation analvsis.
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2. Determine flow and pressure in joints from flow model.
3. Modify forces acting on blocks based on Step 2.

4. Step 1.

3.2.4 Computer Code

The Computer Code RGDBLK was developed for the coupled flow-deformation
anlaysis.

Emphasis was placed on making the computer program user-friendly; it
incorporates routines for automatically setting up the geometry of a problem
({e.g. a rock slope) and its boundary conditions for flow with a minimum of
information from the user (e.g. joint orientation and spacing, position of the
water table, etc.). The program is interactive, making use of a video screen,
and lets the user intervene in the solution process. For example: one can
model the initial state of stress under no-flow (hydrostatic) conditions
prevailing before a rock slope is excavated, followed by modeling the
"excavation"” of the slope by removing some of the blocks, and finally, modeling
the coupling of flow and deformation as the rock slope deforms. The user can
control the iterative solution procedure through several parameters such as the
size and number of time steps and the degree of coupling between flow and
deformation (that is, the frequency with which updated information about
deformation should be used to update flow forces or vice versa). The output of
the program is in the form of plots of block displacements at various instants,
of information about the water-head field at various instants, and of
information about forces and displacements at particular blocks.

Due to its considerable flexibility, this computer program can be used

either for modeling particular situations occuring in practice and thus serving
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as a design tocl, or to simulate the pehavior of jointed rock masses in a more

general manner, thus serving as a research too.l.

3.3 Case Studies

Tne flow deformation model is applied to three typical cases of rock mass
behavior, a rock slope, a well i1n a jointed mass and a dam and reservoir on a
jointed mass. In all three cases extensive parametlic studies were conducted.
In the Sections below only one typical example will be presented, followed by a
summary of the parametric study results, the details of which are presented in

Volume II.

3.3.1 Slope in a Jointec Rock Mass

The geometry of the problem 1s shown in Fag. 3.4 After excavation, the water
levels are assumed to be 1n the positions marked A and B, the position B
representing an open crack. (It should be noted that simultaneous excavation and fﬁ?
lowering of the water table can also be investigated.) The phreatic surface and T
water pressure distribution between these two points was then determined using the
coupled model and other approaches. The coupled model provides displacements ir
addition to flow results. 1In addition to calculating the displacements and water
pressure distributions, the latter were used for & comparison study. "Standard",

triangular, trapezoidal or rectangular water pressure distributions are assumedé in

the critical joint. The stability of rock mass above this joint was determined
using limit equilibrium analysis with these pressure distributions and those
obtalneé from the coupleé model.

Three different cases have been studied with the coupled model. The first

two allow one to compare the model with other models. The thiré makes full use of

the coupled model's capabilities:
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FIGURE 3.4 GEOMETRY AND ASSUMPTIONS FOR ANALYSIS
OF SLOPE IN JOINTED Rock MASS
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N
. 1. Assume joints of identical aperture throughout the slope, and model flow. :
\.:' n‘::-
* (This is equivalent to a pipe network approach). ”«‘
,.. 2. Assume deformation due to excavation takes place and different joint LR
ol I
apertures result (smaller in zones of higher stresses). Flow is then el
Co ..“--
. o . . . . .
-~ modeled through these joints but no coupling is introduced. This, in o
essence, represents a study that one could do using two separate models,
- first one to determine displacements and then a discrete flow model to
S determine water pressures in the deformed model.
[
3. Assume coupling of apertures and flow. N
}; Figure 3.5 shows the deformed mass after excavation, but without flow. The -

.- joint overlaps indicate that aperture changes will have a significant effect on =

flow patterns and thus pressures. Figure 3.6 presents water pressure distributions

. ’ v
N
L te e e

- in the "critical joint" that were obtained in the three above mentioned cases

B

e IR P

.
1ty *e s

studied with the coupled flow model.

’

. These pressure distributions should be compared with the "usual" assumptions

. in Fig. 3.4. (The critical 9oint is that used in the standard limit equilibrium ﬁiz
:;' analysis.) The pressures with the egual size pipe network in case 1 are greater i:i
}j than with the usual assumptions (Figc 3.4) but smaller than in deformed joints in :fi
- case 2 (different size pipe network). This pressure increase was to be expected :ig
z& given that joints close under increased stresses. When coupling is introduced in ':};
- case 3 the water pressure tends to open the joints and thus causes a pressure A”
5: decrease compared to case 2. These results are specific to the case studied and t;f
I should not be generalized. :GE
th The effect of these differences in pressure distribution on slope stability Ez;
ig was guite significant. The required friction angles for the slope in Fig. 3.4 to :;i;

be stable are: .:';-'
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Key:

1. Joints with equal apertures
2. Joints with apertures changed by deformation
3. Coupled case

FIGURE 3.6 WATER PRESSURE DISTRIBUTIONS IN “CRITICAL JOINT”
~ FOR CASES REFERRED TO IN THE TEXT
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Triangular Pressure Distribution: 34°

Trapezoidal Pressure Distributon: 37°

Distribution in equal size pipe network: 39°

Distribution in different size pipe network: 41°

Distribution in coupled case: 40°
These results show that the usual assumptions may be unconservative in some cases.
This is especially true for local instability where individial blocks become
unstable.

A series of parametric studies was also carried out in which the friction
angle and the joint parame ters relevant to conductivity of water were varied. By
considering different friction angles, the appropriateness of the method for
predicting failure was established; moreover, patterns of numerical behavior
corresponding to stable or failing cases were identified. By considering
different values for the parame ters affecting conductivity it was possible to
study situations where coupling is more or less important. As might have been
expected, the less uniform the apertures of the joint network were, the more
pronounced was the effect of coupling. Although in real cases there may be
considerable uncertainty regarding the conductivity properties of the joints, it

is usually possible to estimate an upper bound of coupling influence for

particular cases.

3.3.2 Well in a Jointed Rock Mass

Injection or withdrawal of water in @ jointed rock mass causes displacements
of blocks, increasing and decreasing joint apertures and water pressures. This is

again a case where coupling of flow and deformation seems to be necessary. Fig.

{

- ,:1
3

A

A

A

N

. ~

3.7 shows the displacements of blocks caused by an injection in the center. Again

s

the comparison of pressures along the center joint reveals important information. r

NN Y

Fig. 3.8 shows pseudo-eguipotentials (also lines of constant pressure in this

:. l"

case) under the assumption of uniform apertures (a), and when changes in
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apertures due to coupling are considered (b). Corresponding flow rates are 0.95 x
10-5 m3/sec and 4.53 x 10> m3/sec. In this example, taking into account joint
deforma tions has a pronounced effect and a coupled analysis gives different
results from an uncoupled one.

As in the case of the slope, parame tric studies were carried out varying the
parame ters affecting joint conductivity. More pronounced coupling effects
correspond to parame ter values associated with less uniform apertures in the joint
network. It was also attempted to simulate observed behavior of well tests. 1In
particular, the coupling of the response of the head at the well to the
application of flow rates that are step-wise functions of time were simulated.
This was accomplished with good results.

3.3.3 Dam and Reservoir on Jointed Rock Mass

Flow of water from the reservoir through jointed rock under the dam (Fig.
3.9) contributes to water loss and has therefore negative economic consequences.
Wa ter pressure distribution under a dam has significant effects on dam stability.
Drainage and grout curtains are used to control pressure buildup and flow.

While a number of seepage flow and water pressure measurements under dams
have been conducted, there is a lack of analytical approaches for flow and
pressure prediction. This is true for jointed rock (see Chapter 2 of this
Executive Summary), particularly for cases where water pressure and joint
deforma tion strongly interact. This situation has become acute through the
recognition that in many concrete dams the joints open up on the upstream side
leading to pressure increases both at depth and possibly under the dam itself.
This opening of joints is caused by t'  downstream displacement of the dam. This
same displacement can also close joints downstream of the dam and effectively lead
10 high wa ter pressures in the downstream ground with negative consequences on

s tability.
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The dam parame tric study was conducted to shed light on these issues. The

following variables were studied:
e Existence (or non existence) of grout curtain or drainage curtain.
o Effect of length of these curtains.
o Joint filler existence and characteristics.
o Joint aperture.
and as before,
e Uniform pipe network fiow, deformed pipe network flow, coupled
flow-deforma tion.

In Fig. 3.10 and 3.11 a case without drains or grout curtain is shown for the
uniform apertures {pipe network) and coupled conditions respectively. Clearly
coupling effectively opens the upstream joint and this leads to full reservoir
pressure under the upstream corner of the dam. The displacements (Fig 3.10, 3.11)
reveal that such a joint opening does indeed occur, it is also apparent in the
"uniform pipe network" case but is much more pronounced when coupling is
introduced.

In Fig. 3.12 the no drain - no grout situation is compared to a grout curtain
case (for coupled conditions). A grout curtain pushes the pressures to higher
values at depth where a greater pressure gradient occurs. It is basically
advantageous to have larger gradients (and higher absolute values) at greater
depth. Also the pressure under the toe (tail end) of the dam is less than in the
no grout -no drain case. With a drainage curtain (not shown) the expected
comple te pressure drop (to the tailwater level) occurs at the upstream corner of
the dam, where the drainage curtain is in contact with the dam.

While the upstream joint opening has important effects, the closure of
downstream joints is such as to not greatly affect the downstream pressure

distribution and magnitudes.
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The parame tric studies consisted of varying the parameters listed in Fig.
3.13. Coupling proved to be significant in the cases without drains (drains
essentially isolate the dam foundation from the flow region). The effect of
coupling was studied in terms of the water pressure diagrams under the dam, the
factor of safety of the dam as it can be derived from such diagrams, and the rate
of flow of reservoir water underneath the dam. Ignoring coupling was seen to lead
to an underestima tion of water-pressure under the dam. In comparison to the
equal-aperture assumption, this underestimation reached approxima tely 25%, leading
to even more significant overestimation of the factor of safety. Estimates of the
losses of reservoir water were seen to depend significantly on whether coupling is

recognized and also on the hard to measure conductivity properties of the joints.

3.4 Wedge or Block Stabilitv Analysis with Rotation and Time Effects

3.4.1 Basic Considerations

Failure of rock slopes often involves study of wedges or blocks as shown in
Fig. 3.14. 1In the examples shown in Fig. 3.14 the wedge can either slide on one
or two planes. Cases with blocks constrained by -more than two planes are also
possible. 1In the one plane case the motion of the wedge is constrained only by
the requirement that the wedge stays on the plane of sliding. Such two-
dimensional motion will, in general, also involve rotation of the wedge. In the
two (or more) plane case the wedge can move only in the direction of the inter-
section of the two planes on which it slides and the motion is one-dimensional.

In addition to modelling of unidirectionl or rotational sliding it is also
desirable to include time effects. The failure (instability) of rock slopes
usually evolves over time where "tiﬁe" can be very short (seconds) or extend over

many years. Ideally, one would like to model wedge/block instability in a wayv

that allows one to consider the entire range of time dGependent effects.
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L rigié block type analysis ané computer code nhas been developed to model
wedge /block rotation with time dependence. Tne assumption of a rigid block for

the 1ntact rock wedge {(block) pounded by joints 1s a good approximation as

1.7, R A 4 5 2 3 ' Py " S -

discussed in Sectior 3.1. Tne rigid block procedure 1s essentially the same as

r,
’, . . .
f discussed 1n Section 2.2 with the following differences:
¢ The wedge/block is a single block but the joint surfaces are subdiviged
v into elements (this will be shown in 3.4.3 Implementation).

¢ 2 model for time dependent joint behavior was developed (Section 3.4.2)

3.4.2 Joint Behavior Model

: model for joint behavior in a2 strain-controlled loading is postulated 1in
which shear strain increases monotonically as a function of normal stress, shear
displacement and rate of shear displacement. Shear stress is divided intc two
additive components. Both compondents depend on the normal stress, one being aisc
e function of displacement and the other of displacement and digplacement rate.
The seconcd term disappears wnen the displacement rate is small, but becomes
dominant wner the displacement rate 1S large. Shear stress on the failure surface

ic then expressed as

T = 1g(6,6) + 14(c,6,8) , (2.1)
- K
where T 15 shear stress; Tg its 'spring' component, cepending On norma.l Stress o
Sea
¢ and shear displacement & ; Tg its ‘dashpot' component aepending on ¢, © A

.

anéd on shear-displacement rate, ¢ .

AR, T

The ‘'sprinc' component of shear stress, (i.e., the rate-independent

e e
vt

component), depends on shear displacement in a form like that cf Figure 3.15a. S

.
‘
'

Figure 3.15p shows the assumed constant-peak-displacement type ci dependence oI

shear stress benavior on normal stress, wnile Pigure 3.15¢c presents an alternative -
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a. The Te versus ¢ diagram for a certain value of the normal
e stress, O
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]
c=C, > C
¢=q>0
E c=0
. 3
&1 Sz
’ b. The effect of thg normal stress, ¢ , on the Tg versus
[ ] ¢ diagram in the adopted constant peak displacement model
ey
' e
h.‘.
- 'u:\L
_ _ 2
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T=C,>0,
c=c>0
c=0
3
¢. An alternative model displaving constant stiffness behavior
FIGURE 2,15 SHEAR STRESS-DISPLACEMENT BEHMAVIOR OF RoOCK
JOINTS (RATE INDEPENDENT COMPONENT OF SHEAR STRESS)
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model displaying constant stiffness behavior. Both types of Dpenavior are

supported by examples of direct shear test results in the literature.

a

Tne displacements 61 and (77 are parameters of the model. When the

e

o

A T
N

displacement 15 less than 61 , asperities of the joint surfaces deform without

o

breaking or sliding. Their movement is constrained by asperitites with which they

interlock and by friction forces between the joint surfaces. In the region

I.‘
N

0 <8 < &7 tne shear 'modulus' (relating stress to displacement) of the joint is

tancl

C
S S
1 I

(O8]

.2)

that 1s, 1t increases with normal stress.
as lonc as ¢ < §7 the displacement is entirely due to the deformation of
the asperities. When a displacement of 61 1s reached, the asperities are on the

verge of preaking or sliding. The shear stress at this point is

lg = € ~ C Tangsg (3.3)

Le.€., 1t is equal toc a component proportional to normal stress plus a cohesion

intercept.

e As the displacement increases beyond &1 , asperities start to break or S
- . L . . . . . f e e . 4
o slide. Breaking is associated with a drop in shear stress, and the higher the P
L od
- . . . N . - - - v .‘
- normal stress, the more extensive 1is the breakinc of asperities and the larger - l

the drop in shear stress. Under zero normal stress, sliding is predominar- and

there 1s almost no breaking of asperities, hence no drop i1n shear stress. In the 3

region 6I < ¢ < éy7 , shear stress and displacement are relateé by the ‘modulus'’ il ‘
tan¢,. - tang¢, -

KI' = z : < 0. (2.4) s

- 11 I T

By the time the displacement reaches &y~ , the preaking of asperities has ceased II |

as all asperities constraininc relative displacement of the twe sides cf the aoint
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" nhave been eliminated. For displacements larger than ¢y7 , the shear stress 1is
)
T given by
[ ] ig = € + ¢ tanery - (2.5)
R4
o
|
! -y The 'dashpot' component of snear stress, T4 , 1s described as a function of
e
o~ . _ _
| 87 and 673 in Figure 3.1€. It is proportional to the normal stress. In the
range 0 < & < 67 , Tg depends on the rate of displacement § bu< not on
displacement anéd is equal to zero when ¢ > 617 . This behavior is not based on
i experimental results, as creep along discontinuities has received very little
- attention until now. However this assumed behavior seems plausible if one
associates viscous behavior with deforma tion of intact rock that forms the
E asperities. Viscous effects should decrease in importance as the relative
displacement of the two faces of the joint becomes larger, as the displacements
7."; increase sliding over asperities or breaking of asperities rather than viscous
. ageforma tion of the asperities will occur.
.: - . . o
3.4.3 Imlementation of the Model
:Ju The computer program WEDGE has been prepared to apply the procedures outliined
above. 1t can accomodate any wedge geome try and any loading history. In its
present form it computes normal stresses based on the assumption that the wedge is
rigidé and that the underlying rock has & Winkler-type behavior, i.e., the normal
l....
stress at any point on the failure surface is proportional to the normal
displacement at that poin%, given that the coefficient of proportionality is the
same for al) points on the failue surface. However, if desired, values for the
[ normal stresses as computed by a Finite Element program can bDe used as inpuz. The !
RN
.. joint behavior model is that cf Section 3.4.2 including the cohesion term. :.{:
Ka RS
) The prograr determines the factor of safety of the wedoe by an incremental ‘:-'.:
]

application ol the loads ancé precdicts the motion of the wedage in time. Rotational

-

effects are fully taken into account.
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Piqure .17 snows the geometry c¢f a wedge considerec in thle example.

Two cases were exaclnec. Ir the £fi1rst, Joints exhibit onlv strengtn that is
proportional to normal stress, l.e., there iec friction put nc conhesion. In tne
second, joints exhibi: strength that is inaepenadent of normal stress, l.e., there
is conesion but nc friction. Figure I.1E shows the loads acting on the bpase of
tne wedage ancd Figure :.1% the elements into which thne base oI the wedge 1s
dividec.

The results fror the first case (friction onlv) are presentec in Figure 2.2C
as @ plot of displacements o the wedge versus time. There 1is no rotation, as is
alwavs the case if the external loads acting on the wedge can be reaucedé to &
single force and i1f there is neo cohesion. Thies is so because shear sStress, Sshear
deformability and shear resistance, being proportional to neormal Stress, vary in
the same way over the failure surface, thus resulting in & translational motion cf
the wedge.

Tne resulte fror the second case (cohesion only' are showr in Figure 3.2°
as plots cf the displacements of the wedage versus time. In this case
there is rotation of the wedge, because shear resistance is uniforz over the
failure surface whereas shear stresses are nc:t. Note, however, that unger
cdifferent external loadinc concditions, rotation effects may be present ever in tne
absence of cohesiorn.

in botil cases the loads were appliec instantanecusly a: t = 0 . DUncer &
veryv slow incremental application of the loads (eguivalent tc ignoring time

effects), both cases have factors of safety egual to (.47.

The wedge/block anelvsis developed in this research makes it possible ¢

Tepresent the pehavior ¢f jointe, the displacements ¢f rock wedoes anc the

-

evolution cf cdisplacemente irn time. Wwith these features it i

- -4l -

m

possible tc predic:

ané assess stability ac well agc the state cf incipient failure
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4. Fracture Propagation in Jointed Media

4.1 Background

Displacements along or normal to joint surfaces are major contributors to
rock mass deformability. Similarly, and as has been shown above, many failure
modes of rock masses involve displacement along joints. Nevertheless, rock mass

deformability and failure (strength) can also be caused by propagation of new

A ]
LRy )

S TR AL

fractures. Such fractures can propagate between existing joints located in the

Vet
PP S
a

same plane or they can propagate from a joint in one plane to one in another
plane. Various studies of this behavior have been conducted. For instance
experimental studies on model rock masses show the different types of faillure
including propagation of new fractures (e.g. Einstein and Hirschfeld (1973).
Lajtai (1969) showed that shearing under low normal stresses usually leads to
tensile fracturing. This approach was incorporated in stochastic rock mass failure
models of the MIT rock mechanics group (see e.g. Einstein, et al., 1981)).

The intent of the research reported here was to extend the preceding work.
Specifically concepts and approaches of fracture mechanics were used to model the
propaga tion of new fractures from existing joints*. Alsc, appropriate numerical
me thods were developed for modeling existing joints, the initiation and
propaga tion of new fractures,and the remainder of the rock mass and its
boundaries. These me thods can be combined with the stochastic rock joint systen

models to represent fracturing of rock masses; initial work on this last aspect

was also comple ted.

- — - - —— - - -

Note that in the following text the term fracture is used most of the time
rather than joint. This is done to indicate the generality of the procedure which
is applicable to any "fracture like" discontinuity in rock.
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4.2 Hypridized Displacement Discontinuitv - Indirect Boundarv Element Method

L
s e

The Displacement Discontinuity Method uses only Displacement Discontinuity

¥

Elements and the Indirect Boundary Element Method uses Stress Discontinuity

".'-;l:l

. .
:; Elements. By incorporating the two types of elements in the same numerical E:
o
procedure, the two methods are effectively hybridized. The Indirect Boundary -
Element Method can model a continuum better than the Displacement Discontinuity -
Method but the latter method can model fractures better. By modelling the external i;
-
boundaries with Stress Discontinuity Elements, the advantages of both methods are
utilized.
It has to be mentioned that both methods and thus the hybridized method are .

based on assumptions of linear elasticity. For the intact rock this is a
simplified, but usually justified, assumption. For fracture propagation the
assumption of Linear Elastic Fracture Mechanics (LEFM) can be used as a first

approximation, but should often be replaced by more appropriate approaches (see

Section 4.2.2).

4.2.1 Details on Elements B %
Analytical influence functions (induced stresses and displacements) of the :

Displacement Discontinuity Elements and the Stress Discontinuity Elements have

been derived.

.

‘e l o
. S
SRS W A

A Displacement Discontinuity Element has & positive and a negative surface

which are separated by an arbitrarily small distance in the undeformed state (Fig.

o,
P

4.%a). B separation and/or a slip can be applied to the two surfaces to model

ANER 'L LA

(part of) a fracture (Fig. 4.1b,c). The element shown in Fig. 4.1 has a constant

displacemen* discontinuity along its axis and is called a Constant Displacement

Discontinuity Element. Elements with sqguire root, linear and parabolic

;. e
. 7, Lot
e

)

68

i
RS
R

- - . et e R N B P I B S Y
-7 - Tt At e At e e et . o - [ I e
. N -

LT T E O AUt T S e S ot S SR P L Y .
WP PR R PO LIRS C AT Sl S S S A A . . e e e e e T e T T TN T T T T T T LT T
MRS R G e S R Ty & S A D B i S R IR VI Y DI G SR VLV Y VL. AOAEPEYE VOPUURE PEVY AP yE FT VU PP DY V8 P




[

*

. '.p,-

e

Lan 4 YK
.

positive surface

I

v
n

negative suriace

2a

(a) undeformed state

(b) separation

(c) slip

FIGURE 8,1 Di1sPLACEMENT DISCONTINUITY ELEMENT

69

oA

o . L . S 1
P S L S A PR e et et e e e T e T e et et e e
TR VTR A PP P L R AT Oy I, T P T D/ Py Y PR VP T VAL Y L U0 DO P G Wi R e«




RSt 35

. e
.

)

distributions of displacement discontinuitles are considered. Each of tneir

influence functions are derived analvtically by integrating the 1induced stresses/
displacements due to the 1infinitesimal dislocations along the element axis.
Except for the parabolic elements, these influence functions have been checked
with published results and reéults by numerical integration.

A Stress Discontinuity Element has a positive and a negative surface which
are separated by an arbitrarily small distance in the undeformed state (Fig.4.2a).
Normal and/or shear stresses can be applied to the two surfaces to model external
loads (Fig.4.2b,c). As a result cf the applied stresses, jumps in the induced
stresses across the element axis occur and are termed stress discontinuities,
Elements with a constant and & linear distribution of stress discontinuities are
considerecd. The 1influence functions of the Linear Stress Discontinuity Element

nave been derived analytically using Kelvin's point force solution for plane

strall.

4.2.2 Practure Propagation Criteria

For a closeé fracture under compression and shear, uneven shear stresses
exist at the fracture surfaces. Tne distribution of the shear stresses depends
poth on the distripbutions of tne normal stresses ané the slip across the fracture
surfaces. Conseguently, 1t 1s adoubtful wnetner LEFM assumptions (i.e., & slip
distribution proportional toc the square root distance from the tip) are valid near
the fracture tip. Thus & more realistic element type (the Parabolic Displacement
Discontinuity Elemen<) which acec not give 1nfinite stresses at the tip is used.
The stress state at the <T1p can be caiculated and the Maximum Tensile Stress

riterion 1is usec for modellinc fracture propagatioln, i.e. the fracture
propagates 1ir that racdial direction where the hOop Stress reaches tne tensile

strenath cf the material.
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FIGURE 4,2 STRESS DISCONTINUITY ELEMENT

71

L e e e .'.'_ e e e e 0. e ) - DT I B L
R B .

DI AT oA W SN A G WP S P S APy S SR PO LI S0P T D RN I SN SV N IR S-S S R Y S TS




[CA AL

s s s

R RFUA

AL
S

RN IR 4

T
.

For an opened fracture it 1s assumed that no stresses act on tne fracture

surfaces.

LEFM conditions are assumed near the fracture tip and tne stress

intensity factors are calculated. The Maximum Tensile Stress Factor criterion 1is

used for modeling propagation.

4.3 Implementation

A Boundary Element program FROCK (Fractured Rock) utilizing the two types of

elements discussed in 4.2 has been developed. It has the following advanced

features:

(1)

(2)

Any common type of linear elastic boundary conditions can be modelled.
These 1include stress, displacement, mixed (e.g. roller) and spring
poundaries.

Automatic treatment of norn-linear responses due to non-linear
stress-slip relations (e.g. slip-weakening) of closed fractures,
opening/closing of facrures, and fracture propagation.

Since analytical influence functions of the elements are used, only
single precision is sufficient for the Fortran program FROCK.
Optional acceleration of non-linear analyses.

Optional iterations to achlieve better accuracy. Usually a single
additional iteration is sufficient.

Modulized input commands - the user can modify different parts of the
problem at will during the analysis.

Mesh generation aids to facilitate input.

Tne problem status can be stored and further analvses can be done at &

kealistic modellinc of in situ conditions 18 obtalned by incorperating

gravity stresses as initial stresses.
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4.4 Theorems

It was found that tne influence functions of the Displacement Discontinuity
Elements do have a numpber of interesting characteristics. The induced stresses/
displacements due to the opening up of an element are approximately proportional
to the total opening or "expansion" at distances far away from the element ané are
independent of the opening shape. Thus the "Theorem of Egquivalent Expansions” was
formulated which may have important potential applications such as the estimation
of the expansion of underground fractures by surface or near-surface measurements.
Similar observations were made on the relative slip of the elements., For Stress
Discontinuity Elements the induced stresses/displacements at large distances are
found to be approximately proportional to the total applied force on the element
and to be independent of the pressure distribution on the element. The "“Theorem
of Egquivalent Forces" was formulated wnich is 1in fact similar to Saint Venant's

principle.

4.5 Case Studies

Many case studies were conducted to demonstrate the versatility of the
program FROCK and to check the validity of the results. These cases are:

(1) Opened fractures in the infinjite medium under tension and/or shear
stresses., Various configurations have been tried (Fig.4.3).
The stress intensity factors calculated by FROZK are comparec with
published results whenever available.

(2) 1Internally fractured rectangular plate under tension (Fig. 4.4).
Different element types ‘ané boundary conditions are used in a number of

cases. The K-'s calculated are usually within 15% of published results.
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Direct Shear Test. A Direct Shear Test on a rock joint which has a
non-linear relation between the shear stress ¢ and the slip
displacement § 1is simulated (Fig. 4.5). The diplacement jump across
the joint is shown by plotting the horizontal displacement uy, along a
vertical section (Fig. 4.6). The shear stresses along the joint may not
be uniform and are highest in the center part of the joint. Fig. 4.7 is
a plot of the shear stress along the joint when the applied horizontal
displacement is 6 x 104 (consistent units) at the top.

Fracture propagation in a plate under compression: The propagation of a
fracture in a rectangular plate under compression is simulated (Fig.
4.8). The propagation trajectories from the initially straight fracture
seem to be consistent with experimental observations and theoretical
stipulations.

Fracture-fracture interaction and propagation under vertical tension in
an infinite mediuwr: Different confiqurations are considered (Fig. 4.9).
For stepping fractures with small or no overlap the general pattern is
that initially the inner tips have higher stress intensities than the
outer ones and propagate first. After a while the propagations may or
may not cause intersection of the two fractures. Then the outer tips
start to propagate and approach the horizontal direction. Further on
the outer tips open up essentially in Mode I with Ky's approxima tely
equal to those of a horizontal crack with width equal to the horizontal
distance beween the two fractures tips (Fig. 4.10).

Fracture propagation in a plate under vertical tension: The

propaga tion of an inclined fracture under vertical tension is simulatec

(Fig. 4.11). The trajectories compare well with published results from
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. FIGURE 4.9 FRACTURE-FRACTURE INTERACTION AND PROPAGATION :

t IN INFINITE MEDIUM UNDER VERTICAL TENSION
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FIGure 4,11 FRACTURE PROPAGATION IN A PLATE
UNDER TENSION
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:: a fatigue experiment on a titanium alloy (Fig. 4.12). The propagations

-

o . . . .

! of 2 stepping fractures in a plate 1s also simulated with satifactory _-__

v -~

7 results.

o o

<] . . . . . . . . - . . -
(7) Behavior of a joint in infinite medium under compression: Details of .

the behavior of an inclined joint in an infinite medium under vertical

compression were examined, particularly the developements of sliding

TN

e e
N
.

and tension at the tips with increasing compressive stress.
i (8) Fracture propagation in a plate under compression: The effects of -
‘) gravity, horizontal and vertical compressive stresses, and free ground
surface on propagation were examined.
(9) Stability of an excavated slope: The possible propagation of new a
fractures from joints in an excavated slope leading to slope failure was
examined. At first a slope without joints was considered and its stress
distributions examined, followed by a slope with deterministic joints. -
Finally the uncertainty of the joint geometry was considered to some

extent.
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5. Conclusions and Further Research

The research reported here has produced a number of significant contributions

in the area of rock mass behavior:

e Joint geometry models. Two and, particularly, three~dimensional
stochastic joint system models and associated computer codes have been
created. They represent many actual rock mass geometries, relying on
standard statistical sampling methods, and providing the basis for flow
and fracture analysis.

© Flow through jointed media. The stochastic joint system models have
been combined with pipe network and Finite Element flow models to
represent flow through jointed media in two and three dimensions. The
associated computer codes have been developed. Realistic flow
analysis in rock is thus possible which is needed for engineering
design (cut slopes, tunnels, dams, waste storage) and for hydrogeologic
applications. Use in resource extraction can be foreseen.

® Simplified expressions for joint geometry and hydraulic
characteristics of jointed rock masses have been created. 1Initial
parametric studies show that "joint area per volume" (persistence
measure Pi5) and “"connectivity" are simplified measures which can
represent rock mass behavior and thus replace the complete models.

® Parametric studies with the flow in jointed media models have
shown that joint system size relative to the domain (scale effect) and
anisotropy (isotropy) of the joint systems have significant effects.
Also three dimensional apﬁroaches lead to results that differ
significantly from two dimensional approaches. Finally, joint aperture

does not seem to have always the overridinc effect that was stipulated

previously.
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By combining the distinct element method and an analysis method for flow
in joints of variable aperture a flow/deformation analysis for jointed
rock masses was created. Associated interactive computer programs have
been developed. The method couples deformation and flow, i.e. the effect
of seeﬁage pressure changes joint apertures, and changes in joint
apertures affect flow. This analysis method is an essential tool for
designing slopes, tunnels, wells and other structures in jointed rock. It
is also essential for interpreting monitoring observations on water
pressure and movements in these engineering projects.

Extensive parametric studies with the flow/deformation analysis have been
conducted for slopes in jointed rock, injection/withdrawal wells in
jointed rock, and dams on jointed rock (with and without grout and
drainage curtains). The results show that coupling is significant if the
joint apertures vary within the rock mass. Ignoring the effect of
coupling may lead to unconservative designs.

A wedge/block analysis and computer code was developed with which the com-
plete movement of wedges (blocks) in translation and rotation can be
modeled, and which can represent the prefailure time dependent behavior.

A numerical method for fracturing of jointed media has been developed

based on displacement discontinuity elements of different types and

boundary elements. Bounded and unbounded domains can be represented, as can

fracture in mode I and 1I, and sliding of joints or newly propagated
fractures in a slip weakening mode. This analysis methoc is essential to
represent the deformation and possible failure of rock masses in which a
combination of joint sliding and fracture of intact rock takes place. This

method has been combined with the joint geometry models.
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-, ¢ The fracture model for jointed media produces the experimentally
observed propagation of new fractures into a direction parallel to the

o major principal stress. It also produces fracturing in between joints

and between joints and free surfaces which are important in rock mass

1

£

failure. Of particular interest are:

R

- Opening of fractures (joints) in tension for both infinite and
bounded fields produces stress intensity factors which are close

* to the theoretically predicted ones.

. - Fractures (joints) in compressed stress fields propagate into the
direction of the major principal stress as theoretically predicted

!: and experimentally shown. Interaction of several fractures
(joints) and different inclinations to each other and to the
tress field can be modeled. The sequence of propagation is
intricate and switches from one end of the existing fracture

B

(joint) to the other,

- A number of theorems expressing the effect of existing joints
(fractures) on the behavior of the jointed rock mass under
different stress fields have been developed.

Although the research results are significant and represen: major

— advances further work 1s necessary in a number of areas:
© The joint geometry models need to be thoroughly validated in the £field
® Modelling of nonsaturatecd flow, multiphase flow and transport would

t' be of interest.

® The simplified measures need to be verified for flow applicetione a:.

further developed for deformation (failure) applications.
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® Extension of the coupled flow deformation analysis to three dimensions
. and other block shapes is desirable.

® Implementation of tne combined stochastic geometry and fracture models
A with field or laboratory verification is needed.

® The use of non-linear fracture mechanics needs to be considered to

correctly model fractures approaching free surfaces or other joints.
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